In this work, new data for the binary mixtures containing 1-ethyl-3-methylimidazolium tetrafluoroborate ([C 2 mim] [BF 4 ]) ionic liquid (IL) with benzaldehyde or ethyl acetoacetate were investigated under atmospheric pressure (p ¼ 0.1 MPa) and at temperatures (293.15-313.15) K. The binary mixtures were completely miscible at all proportions. Densities (ρ), viscosities (η) as well as speeds of sound ðuÞ were conducted across the entire range of mole fraction (x i ¼ 0 to 1). The excess properties which include excess molar volumes ðV E m Þ, intermolecular free length (L f ), deviations in viscosity (Δη), isentropic compressibilityðk s Þ, apparent molar isentropic compressibility (K ϕ ) as well as deviation in isentropic compressibility ðΔk s Þ were determined from the experimentally found results of speed of sound, viscosity and density. The obtained derived properties have been elucidated in terms of solute-solvent interactions taking place in the systems. The investigation of thermophysical properties of organic solvents with ionic liquids is essential as they decide the transformation of ionic liquids from small laboratory scale to large industrial applications. The obtained results are important and essential as they describe the molecular interactions, and can be used in constructing the structure-property correlation as well as molecular modelling that exist between [C 2 mim] [BF 4 ] with benzaldehyde or ethyl acetoacetate. Redlich-Kister polynomial equation was used to fit the excess values and a good correlation was achieved.
Introduction
During recent years, ionic liquids (ILs) which are known to be the topic of interest in the science research community, focussing on acute examination as a new solution of designer solvents. Large organic cations are used to compose these types of solvents; they contain a diverse functionalized groups or alkyl substituents and organic or inorganic anions. One of the main reasons in support of the low melting temperatures of the ionic liquid are the asymmetric and large features [1, 2] . Attributable to their ionic nature, nearly all of the ILs are known to present useful properties, which include non-flammability [3] , insignificant vapour pressure [4] , increased conductivity [5] , and also their considerable ability to dissolve inorganic and organic material. These are liquids with feasible applications in several fields which include electrochemistry (solar panels, fuel cells, and batteries), chemistry (synthesis, catalysis, and polymerization), and biotechnology (bio--catalysis, protein purification) as well pharmaceutical industries. As a result, a clear understanding of their properties and behaviour with organic solvents is essential for a proper development of these applications [6, 7] .
According to the properties possessed by the ionic liquids, these liquids are environmentally friendly, but they can be pollutants as well if procedures used in handling these liquids are incorrect, because inappropriate handling may result in high possible soil and water contamination as a consequence of unexpected spills or incompetent waste water management [8] . If the ionic liquids contain any amount of water, this can extremely influence the ionic liquids phase equilibrium and thermodynamic properties [9, 10] . As a result, in previous years, a notable number of studies have been focussing on examining thermodynamic and physical properties, which includes density and viscosity for the water saturated ionic liquids [11, 12, 13, 14, 15, 16] . Imidazolium cations are the most measured class of ionic liquid and these ionic liquids have been utilised in many areas including catalysis, electrochemistry, synthesis as well as industrial applications [17, 18, 19, 20, 21] . Imidazolium based ionic liquids are also useful in the procedure for the removal of carbon dioxide from natural gas [22] as well as in extractive desulfurization of liquid fuels, principally with consideration of those sulphur compounds that are extremely complex to remove by ordinary hydrodesulfurization (HDS) processes [23] . Recently, osmium oxide has been recycled by the use of 1-ethy-3-methylimidazolium tetrafluoroborate [C 2 mim] [BF 4 ] [24] . In the capillary electrophoretic technique, this viscous liquid electrolyte is mostly utilised, in grape seed extract it is used for settling phenolic compounds. Normally, the level of toxicity of the imidazolium based liquids depends on the lower order n-alkyl chain which have low to average degree of potential damage, and in particular [C 2 mim] [BF 4 ] is likely to cause serious harm when swallowed [25] . Examination of the intermolecular interaction aggregate response between the organic solvents and the ionic liquids becomes notable, as that type of interaction may produce positive results on mechanism and thermodynamic equilibrium of the reaction, as well the reaction rate of the reaction. In the family of aromatic aldehydes, benzaldehyde is one of the most industrially functional members in the group. Large numbers of industries have been using benzaldehyde as a raw material in organic synthesis, which also include perfumery chemicals [26] . A notable large amount of benzaldehyde is used in the production of other aldehydes, which include cinnamic, methylcinnamic and hexylcinnamic. In the process of many organic compounds, ethyl acetoacetate is mostly used as an intermediate. It is also utilised in the manufacturing of synthetic drugs and dyes. According to the literature search, no work was done on the investigation of excess properties between 1-ethyl-3-methylimidazolim tetrafluoroborate with benzaldehyde or ethyl acetoacetate mixtures. The systems comprising 1-ethyl-3-methylimidazolim tetrafluoroborate with benzaldehyde or ethyl acetoacetate are also useful for the design of many industrial and technological processes.
Experimental

Chemicals
The investigated ionic liquid (1-ethyl-3-methylimidazolium tetrafluoroborate) (Fig. 1) were supplied by Sigma Aldrich (South Africa), ethyl acetoacetate was supplied by Acros Organics New Jersey (USA) and benzaldehyde was supplied by Merck (South Africa) with stated purity of !99.5% (GC) for both chemicals and were used as received. The content of water of the ionic liquid used was removed by the use of vacuum treatment at 340 K under reduced pressure of 5 Â 10 À2 Pa. The content of water was examined by the use of Karl-Fischer auto titrator before commencement of the experimental work. The ionic liquid mass percent water content was found to be 340 Â 10 À6 % and the purity was !98%
(determined by HPLC).
Method and apparatus
The binary mixtures were prepared in air tight stoppered glass vials by syringing exact amounts of pure compounds ([C 2 mim] [BF 4 ] and ethyl acetoacetate or benzaldehyde). The weighed mass of each component was determined by the use of an OHAUS analytical mass balance with a precision of AE0.0001 g. Every safeguard was taken to minimise any type of contamination. A digital vibrating tube density meter and sound velocity analyser with automatic micro-viscometer (Anton Paar DSA 5000 M) with accuracy of AE 5 Â 10 À6 g cm 3 in density, AE 0.5 m s -1 in sound velocity, AE 1 mPa s in viscosity and AE0.01 K in temperature was used to conduct the speed of sound, viscosity and density measurements for the prepared binary mixtures and pure compounds. The densimeter was calibrated as instructed by the supplier using standard solutions given by the supplier. For the density measurements, the principle employed by the instrument is a well-known oscillating U-tube, the DSA 5000 M is able to measure simultaneously the sound velocity between (1000-2000) m ⋅ s À1 and density over the range of (0-3 x10 Tables 1 and 2 ). 
Results and discussion
Speed of sound
This is a necessary and essential parameter that gives a clear sign about the density as well as viscosity, eg (the lower the speed of sound, the denser the medium). As much as it is not easy to give a clear detailed type of interaction occurring between the liquid mixtures, this parameter is functional, because it also describes the interactions occurring in the mixture which includes solvent-solvent, solvent-solute and solute-solute interactions between the liquid mixtures [27, 28] . Speed of sound was measured simultaneously with the density at all investigated temperatures and mole fraction measurements, and the results are given in Tables 3 and 4 for the measured binary systems. Fig. 5 shows the dependence of speed of sound with temperature, and it is also evident that speed of sound is inversely proportional to the temperature. From Figs. 6 and 7, it is easily observed that the sound velocity increase as the concentration of [C 2 mim] [BF 4 ] increases, and then decrease as the temperature increases.
Viscosity
Viscosity is one of the most commonly studied parameters which yield thermodynamic insight regarding to the activation energy for viscous flow. This is one of the highly sensitive parameters relating to the presence of impurities. Safety precautions were taken to consideration as to eliminate and avoid the adsorption of moisture during the experimental handling which may have a huge impact on the results. The viscosity results for the measurements of pure elements and both of the binary mixtures are specified in Table 5 . The estimated uncertainty of measured viscosity values was estimated to be 2 %.
Calculated properties
Excess molar volumes
Eq. (1) below was used to determine excess molar volumes, which was computed from the experimentally determined densities of the binary mixtures and pure liquids at corresponding mole fractions and different temperatures (293.15-313.15) K respectively.
From Eq. (1) 4 ] has a capacity to strongly interact with benzaldehyde or ethyl acetoacetate molecules, this effect might result from the dipolar interactions and hydrogen bonding [30, 31, 32] . The observed negative values simply indicate a well organised packing or attractive interactions occurred when the ionic liquid under investigation and benzaldehyde or ethyl acetoacetate molecules were assorted, resulting in volume contraction. The other factor that contributes towards negative values of V E m might rise from the unlike molecular interactions, which leads to the action of charge transfer and hydrogen bonding. Over the whole temperature range described in this present The standard uncertainties u are u (T) 
Isentropic and deviation in isentropic compressibility
The word isentropic implies that as the sound waves passes into and out of a liquid, the temperature and pressure fluctuates inside of each microscopic volume but the entropy of the entire system remains unchanged. This statement holds true, especially when utilizing a low frequency generator (DSA 5000 M transducer that produces about 3 MHz frequencies) to measure speed of sound, velocity dispersion and absorption of waves occurs at high frequency more than 100 MHz, and is due to the connection of molecular processes with liquids [34] . k s values were calculated with the use of the Newton Laplace Eq. (2).
In Newton Laplace equation, ρ represents the densities and u denotes the speed of sound for the prepared binary systems. Δk s values were derived with the use of Eq. (3) below. Tables 3 and 4 . Based on the calculated results for k s and Δk s , it is clearly noticeable that the k s values are inversely proportional to the mole fraction of the investigated IL at all temperatures; this effect arises from the increase in thermal agitation creating the soluble liquids more compressible [30, 35] . Interactions that occurred in the binary mixtures contributed towards a decrease in free-space, and this effect contributes towards the negative Δk s values [35] 
Intermolecular free length
Intermolecular forces (IMFs) are the forces which mediate interaction among the molecules, including forces of repulsion or attraction which act between molecules as well as other types of neighbouring particles, to give an example of ions or atoms. Intermolecular free length (L f ), Eq. (4) is determined from Jacobson empirical relation and this helps to interpret the nature of intermolecular interaction [36] . Tables 3 and 4 , it can be seen that the L f and sound velocity are connected in an inverse manner. Intermolecular free length was utilized as to determine the properties that exist in the binary mixtures which consist of attractive and repulsive forces, and a simple linear correlation with the mole fraction of the ionic liquid was observed.
Apparent molar isentropic compressibility
Eq. (5) below was utilized to determine the apparent molar isentropic compressibility (K ϕ ) values.
where ρ 0 and ρ indicates densities of the pure solvent and binary mixtures correspondingly; molar mass of solute and molality of the solution are denoted by M and m, respectively, k s and k 0 represents the isentropic compressibilities of the solution and solvent correspondingly. The data for K ϕ are also displayed in Table 6 . It is observed that, if the solution is ideal, the K ϕ of the solute is that of the pure component. The dissimilarities among these quantities contemplate the degree of molecular interactions such as solute-solvent and solute-solute interactions. Negative values in the system containing ethyl acetoacetate at low concentration of the ionic liquid were observed. This effect reflects that ethyl acetoacetate molecules are less compressible than in the high concentration of the ionic liquid. Hall et al and others [37, 38] , proposed the analysis of disagreement of lower values in regards of geometrical and structural compressibility. The geometrical compressibility is due to simultaneous compression of the molecules whereas structural compressibility is due from the breakdown of intermolecular bonds resulting in a decrease in the average intermolecular length. A slight change in K ϕ of solute at all investigated temperatures against (m) 1/2 have been shown in Figs. 14 and 15.
Deviations in viscosity
Any deviation of physical properties of liquid mixtures, the dissimilarity among the viscosity of the ideal-mixture and viscosity of mixtures at the equivalent thermodynamic state (η id ) is explained as the deviation in viscosity ðΔη). Eq. (6) below was used to determine the deviations in viscosity of liquid systems and results are displayed in Table 7 . As much as there are many methods to determine η id , the most commonly utilized procedure by the research groups is that determined on a mole fraction basis [39] , Eq. (7).
In the equation above, η 4 ] ionic liquid, a sudden decrease in viscosities of the binary mixtures was observed, mainly at low temperatures. In the dilute solutions containing organic compounds in the IL, the decrease is specifically strong. Between [C 2 mim] and tetrafluoroborate anions, the strong coulomb interactions is weakened when mixed with benzaldehyde or ethyl acetoacetate, which results in a greater mobility of the ions leading to a reduced viscosity of the binary mixtures. Negative deviation in viscosities is observed in all cases [39] .
Correlation of the calculated properties
The values for the calculated thermophysical properties (intermolecular free length, deviation in isentropic compressibility, deviation in viscosity and excess molar volumes) for the binary mixtures of [C 2 mim] [BF 4 ] with benzaldehyde or ethyl acetoacetate are presented in Tables 3,  4 , and 7. Redlich-Kister polynomial Eq. (8) given below was used to fit these properties by the technique of non-linear least squares.
From Eq. (8) above, x represents the excess molar volume or deviation in isentropic compressibility. The values of the fitting parameters A i was determined by the least square method. Standard deviation and the results are given in Table 8 . For the correlation, the given Eq. (9) below was utilized to calculate the standard deviation (σ). The standard uncertainties u are u (T) ¼ AE 0.02 K, u (p) ¼ AE 0.04 MPa and u (η) ¼ 2.00 %. 
The number of experimental points is indicated by N and k denote the coefficient utilized in the Redlich-Kister equation. For all of the derived properties, the standard deviation showed low values at all studied temperatures. Based on these data, it can be seen that there is a good correlation with the experimental results.
Conclusions
In this study, new data for thermophysical properties measurements, which includes density, viscosity and speed of sound, have been determined as a function of temperature for [C 2 mim] [BF 4 ], benzaldehyde, ethyl acetoacetate and their binary mixtures, and have been reported over the entire range of mole fractions (x i ¼ 0 to 1). From the experimentally found data of the measured speed of sound and density, the important and essential excess parameters such as excess molar volumes, isentropic compressibilities, deviation in isentropic compressibilities, apparent molar isentropic compressibility, and deviation in viscosity, intermolecular free length and apparent molar isentropic compressibility have been derived. Excess molar volume and deviation in isentropic compressibility were fitted with the use of the Redlich-Kister polynomial equation in order to test the correlation of derived parameters, and a great correlation for both mixtures was achieved. For the derived properties (excess molar volumes and deviation in isentropic compressibilities), negative differences were noticed for the investigated mixtures at all given temperatures, this effect suggests strong interactions that occurs in the binary mixtures of [C 2 mim] [BF 4 ] with benzaldehyde or ethyl acetoacetate molecules. Large negative values of derived deviation in isentropic compressibilities and excess molar volumes have been observed in the binary mixtures containing ethyl acetoacetate, as well as ion dipole interactions as compared to the benzaldehyde mixtures. Negative deviations on viscosity across the temperatures and whole range of compositions were observed, and they are increasing, i.e. becomes less negative with increasing temperatures. Intermolecular free length has been discussed as well. The results obtained in this work are useful as they give insight into the possible molecular interactions that exists between the imidazolium based ionic liquids with benzaldehyde or ethyl acetoacetate mixtures.
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